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An mmproved Plasma Enhanced Atomic Layer Deposition
(PEALD) system and related operating methods are dis-
closed. A vacuum reaction chamber includes a vacuum
system that separates a first outflow from the reaction
chamber, comprising unreacted {irst precursor, from a sec-
ond outtlow from the reaction chamber, comprising second
precursor and any reaction by products from the reaction of
the second precursor with the coating surfaces. A trap,
including trap material surfaces, 1s provided to remove {first
precursor from the first outflow when the first precursor
reacts with the trap material surfaces. When the second
precursor includes a plasma generated material, the second
precursor 1s not passed through the trap. An alternate second
precursor source injects a suitable second precursor 1nto the
trap to complete a material deposition layer onto the trap
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with the first precursor on the next material deposition cycle.
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1
PLASMA ENHANCED ALD SYSTEM

BACKGROUND OF THE INVENTION

Field of the Invention

The present mvention relates to a gas deposition system
configured to perform Plasma Enhanced Atomic Layer
Deposition (PEALD) gas deposition cycles usable to deposit
thin film material layers onto exposed surfaces of a solid
substrate. In particular the PEALD system includes a reac-
tion chamber, a main vacuum pump for establishing a first
vacuum pressure 1n the reaction chamber during non-plasma
precursor deposition cycles and a second vacuum pump for
establishing a second lower vacuum pressure in the reaction
chamber during plasma precursor deposition cycles.

The Related Art

Conventional ALD and Precursor Trapping

Conventional Atomic Layer Deposition (ALD) systems
operate as a gas or vapor deposition system usable to deposit
thin film material layers onto exposed surfaces of one or
more substrates. More specifically Atomic Layer Deposition
(ALD) 1s a thin film deposition technique which proceeds
via sequential exposure of the deposition substrates with
multiple, distinct chemical and/or energetic environments. A
typical process would proceed with the introduction of a
vapor phase metal-atom containing precursor which would
chemisorb with preexisting chemical moieties on the sub-
strate surface. Following a purge cycle to remove excess
precursor and reaction products, a second precursor 1s 1ntro-
duced into the reactor which 1s reactive with the
chemisorbed portion of the first reactant. A second purge
cycle removes excess precursor and reaction products. For a
successiul ALD process, the second precursor cycle leaves
the substrate surface again ready for another exposure of the
first precursor. Sequentially exposing the surface to: precur-
sor 1, purge, precursor 2, purge, repeat, enables a conformal
film to be deposited with sub-atomic layer thickness control.

In operation substrates are placed inside a substantially
sealed reaction chamber which 1s generally evacuated to low
deposition pressure e.g. 0.1 to 10 militorr and heated to a
reaction temperature, e.g. between 75 and 750° C. A first
precursor or reactant 1s mtroduced into the reaction space to
react with exposed surfaces or coating surfaces of the
substrate. An 1nert carrier gas may be mixed with the first
precursor during the delivery of the first precursor. After a
desired exposure time, the first precursor 1s then removed or
purged from the reaction chamber. The purge cycle generally
includes drawing gas from the reaction chamber through an
exit port i fluid communication with a vacuum pump.
Thereatter a second precursor or reactant 1s introduced into
the reaction space to react with exposed surfaces of the
substrate coating surface for a desired exposure time. An
inert carrier gas may be mixed with the second precursor
during the delivery of the second precursor. The second
precursor 1s then removed or purged from the reaction
chamber through the exit port as described above. Generally
the above described two precursor coating cycle applies a
single material thickness layer onto the exposed surfaces
with the layer thickness in the range of 0.5 to about 2.0 A.
Typically the two precursor coating cycle 1s repeated to
apply a plurality of single material thickness layers one
above another to achieve a desired material thickness.

Conventional ALD systems include a trap disposed
between the exit port and the vacuum pump. The trap
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removes unreacted precursor from the outtlow to avoid
damaging the vacuum pump. In particular without a trap, the
same two precursor coating cycles used to apply material
layers onto exposed surfaces of the substrate housed 1nside
the reaction chamber can combine to form the same thin film
material layer onto internal surfaces of exhaust conduits and
the vacuum pump, ultimately leading to undesirable surface
contamination and eventual vacuum pump failure. While
various trap mechanisms are known for removing unreacted
precursors and reaction by-products from the outtlow of gas
or vapor deposition systems one particularly usetul trapping
mechanism conventionally used in ALD system 1s to provide
a large surface area of heated metal plates inside a trap
chamber for the precursors to react with as they pass through

the trap chamber. One such trap 1s disclosed in U.S. Pat. No.
8,202,575 B2, granted to Monsma et al. on Jun. 19, 2012

entitled VAPOR DEPOSITION SYSTEMS AND METH-
ODS. In that disclosure, Monsma et al. describe an ALD
reaction chamber, a trap and a vacuum pump 1n series
wherein outtlow from the reaction chamber passes through
the trap prior to being drawn through vacuum pump. The
trap 1s specifically configured to provide a small gas flow
resistance and high vacuum conductance while allowing the
same deposition process to occur on metal surfaces provided
inside the trap as occurs on the exposed surfaces of the
substrate being coated inside the reaction chamber. Addi-
tionally Monsma et al. indicate that it 1s desirable to provide
a trap material with a stmilar thermal expansion coeflicient
as the deposited materials to prevent the coating layer being
formed on surfaces of the trap matenal from cracking or
flacking and being carried into the vacuum pump. However
one problem with the trap system proposed by Monsma et al.
1s that in order for the trap materials to react with precursors
in the outtlow, both precursors must be available to partici-
pate 1n the reaction with the trap material surfaces and if
both precursors are not available in the outtflow the ALD
reaction inside the trap fails to form material layers and the
operation of the trap breaks down and unreacted precursor
materials are passed to the vacuum pump.
Conventional PEALD and Precursor Trapping
Conventional Plasma Enhanced Atomic Layer Deposition
(PEALD) systems operate as a gas or vapor deposition
system usable to deposit thin film material layers onto
exposed surface of one or more substrates. In operation,
substrates are placed inside a substantially sealed reaction
chamber which 1s generally evacuated to low deposition
pressure e.g. 0.1 to 10 mullitorr and heated to a reaction
temperature, €.g. between 75 and 750° C. A first precursor or
reactant, e.g. a molecular chemical such as a vapor phase
metal-atom containing molecule, 1s ntroduced into the
reaction space as a vapor to react with exposed surfaces of
the substrate coating surface. An 1nert carrier gas may be
mixed with the first precursor during the delivery of the first
precursor. After a desired exposure time, the first precursor
1s then removed or purged from the reaction chamber. The
purge cycle generally include drawing gas from the reaction
chamber through an exit port 1n fluid communication with a
vacuum pump. Thereafter a second precursor or reactant
comprising a flux of radicals generated through dissociation
of a molecular gas feed by a plasma source or other radical
generating technique 1s introduced into the reaction space to
react with exposed surfaces of the substrate coating surface.
In the PEALD systems the second precursor comprises
free radicals generated by exciting a gas precursor to a
plasma state or by other radical generating techniques. In
particular, molecular gases such as oxygen, nitrogen, hydro-
gen and other molecular gases or gas mixtures are excited by
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a plasma generator and a flux of free radicals 1s delivered
into the reaction chamber to react with the exposed surfaces
ol the substrate. The free radicals include one or more atoms

or atomic groups having one or more iree electrons so
radicals are very reactive, but their lifetimes tend to be short 4
since they are expected to recombine to relatively inert
molecular species quickly.

As with conventional ALD systems, an inert carrier gas
may be mixed with the plasma precursor during 1ts delivery.
The second precursor 1s then removed or purged from the
reaction chamber through the exit port as described above.
Generally the above described two precursor plasma coating
cycle applies a single maternial thickness layer onto the
exposed surfaces of a substrates disposed 1nside the reaction
chamber with the single layer material thickness in the range
of 0.5 to about 2.0 A. Typically the two precursor cycle is 1°
repeated to apply a plurality of single material thickness
layers one above another to achieve a desired material

thickness.

An example of a conventional PEALD system 1s dis-
closed in US20100183825A1, by Becker et al. published on 20
Jul. 22, 2010, entitled PLASMA ATOMIC LAYER DEPO-
SITION SYSTEM AND METHOD. In that disclosure
Becker et al. describe a plasma reaction chamber that
includes a first precursor port for itroducing non-plasma
precursors 1nto the reaction chamber and a second precursor 25
port or top aperture that mntroduces plasma exited precursor
materials 1nto the reaction chamber. Becker et al. disclose a
vacuum system 1n FIG. 10 which includes a turbo vacuum
pump operating to remove outilow from the reaction cham-
ber through a trap assembly shown 1n FIG. 6. The disclosure 30
describes the trap assembly as heated to react with precursor
and or plasma gases in gas outllow exiting from the gas
deposition chamber. The reaction between exposed trap
material surfaces disposed inside the trap and any remaining,
unreacted precursor vapor and or unreacted plasma radicals 35
from the outflow removes unreacted precursor from the
outflow and deposits the same material onto exposed trap
maternal surfaces as 1s deposited onto the substrate inside the
reaction chamber.

Free Radical Decay 40

However one problem with the PEALD system proposed
by Becker et al. relates to high reactivity and rapid decay of
the plasma excited precursor radicals to a non-excited state
and these factors aflect system operation 1n two ways. In a
first related problem, the free radicals of plasma precursor 45
may decay to a non-excited state or react with other surfaces
inside the reaction chamber before reacting with exposed
surfaces of the substrate being coated. As a result the desired
self-limiting ALD reaction expected to occur inside the
reaction chamber may not continue to completion due to 30
lack of plasma radicals at the exposed surfaces such that the
exposed surfaces of the substrate are not fully coated.

In a second related problem the free radicals of the plasma
precursor may decay to a non-excited state or react with
other surfaces inside the reaction chamber before reacting 55
exposed trap material surfaces inside the trap. As a result the
same desired self-limiting ALD reaction with the trap mate-
rials used to remove unreacted precursors from the outflow
may not continue to completion such that the exposed
surfaces inside the trap are not fully coated which ultimately 60
leads to the breakdown of any reaction of the first and
second precursor with exposed surfaces inside the trap.

10

BRIEF SUMMARY OF THE INVENTION

63
In view of the problems associated with conventional
methods and apparatus set forth above the present invention

4

provides various operating methods for an atomic layer
deposition system that utilizes plasma or otherwise gener-
ated free radicals to react with coating surfaces.

Specifically each deposition includes performing a plu-
rality of maternial deposition coating cycles of one or more
substrates contained 1n a reaction chamber. During each
deposition cycle a first precursor 1s delivered into the
reaction chamber to react with exposed surfaces of the one
or more substrates and the reaction chamber 1s purged by
removing the first outtlow from the reaction chamber with
the first outflow including unreacted first precursor. The first
outflow also includes inert gas and reaction byproducts. The
first outflow 1s then passed through a trap. The trap includes
a large area of trap material surfaces suitable for reacting
with the unreacted first precursor. However since a second
precursor delivered into the reaction chamber 1s free radicals
that will likely decay to an unexcited state before reacting
with the trap material surfaces, a second alternate precursor
source 1s provided and passed through the trap. The alternate
second precursor 1s suitable to react with the trap material
surfaces 1 a manner that completes rendering the trap
material surfaces to be able to react with and remove
unreacted first precursor from the first outtlow of a next
coating cycle. Specifically the alternate second precursor 1s
a separate precursor source and 1s not withdrawn from the
reaction chamber. In addition since the reaction between the
first precursor and the exposed surfaces inside the reaction
chamber occurs at a particular reaction temperature the
operating method further includes maintaining the trap
material surfaces at the reaction temperature.

In subsequent steps, after removing the first outtlow from
the reaction chamber, a second precursor comprising free
radicals 1s delivered into the reaction chamber to react with
the exposed substrate surfaces. Thereafter the second out-
flow 1s removed from the reaction chamber, however, the
second outtlow 1s not passed through the trap.

An atomic layer deposition device usable for the above
described methods includes a reaction chamber configured
to support one or more substrates theremn for deposition
material cycles. A first precursor conduit delivers a first
precursor into the reaction chamber to react with exposed
surfaces of the substrate. A vacuum system 1s provided to
purge or remove a first outflow that includes unreacted first
precursor from the reaction chamber. The first outflow 1s
removed after a desired exposer time between the first
precursor and the substrate surfaces which may be as short
as the time required to remove one or two gas volumes equal
to the volume of the reaction chamber or longer.

A trap comprising trap material surfaces 1s disposed to
receive the first outtlow through the trap. The trap material
surfaces are suitable to react with and remove substantially
all of the unreacted first precursor from the first outtlow. An
alternate second precursor source 1s provided to deliver an
alternate second precursor into the trap. The alternate second
precursor 1s a precursor material suitable for reacting with
the trap material surfaces in a manner that completes the
reaction stated by the first precursor to form a material layer
onto the trap material surfaces while also preparing the trap
material surfaces to react with the first precursor on the next
deposition cycle. The trap includes a heater for heating the
reaction surfaces to a desired reaction temperature.

A second precursor conduit 1s provided to deliver a
second precursor 1nto the reaction chamber to react with the
exposed surfaces of the substrate after the exposed surfaces
have reacted with the first precursor. A plasma generator 1s
associated with the second precursor conduit to excite the
second precursor to generate free radicals of the second
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precursor. After the reaction with the substrate surfaces, the
vacuum system removes a second outflow from the reaction
chamber. The second outflow removes substantially all of
the second precursor from the reaction chamber without
passing the second outflow through the trap. However most
or all of the free radicals of the second outflow may have
decayed to a lower energy state before exiting the reaction
chamber.

The vacuum system includes a main vacuum pump in
fluid communication with the reaction chamber through a
vacuum flange that interfaces with the reaction chamber. A
first vacuum conduit extends from the vacuum tlange to the
main vacuum pump and the trap 1s disposed along the first
vacuum conduit such that gases flowing through the first
vacuum conduit pass through the trap. A controllable first
vacuum valve 1s disposed along the first vacuum conduit
between the vacuum flange and the trap. A second turbo
vacuum pump 1s interfaced with the vacuum flange to
achieve lower vacuum pressures in the reaction chamber,
especially for plasma enhanced atomic layer deposition and
to remove outflow from the reaction chamber. A second
vacuum conduit extends between the turbo vacuum pump
and the main vacuum pump without passing through the
trap. A second vacuum valve 1s disposed along the second
vacuum conduit between the turbo vacuum pump and the
main vacuum pump. The main vacuum pump 1s a roughing
pump operable to pump the reaction chamber to a vacuum
pressure ol about 10 millitorr. The second turbo vacuum
pump 1s a finishing pump capable of pumping the reaction
chamber to a vacuum pressure of about 1.0 utorr.

BRIEF DESCRIPTION OF THE DRAWING

The features of the present mvention will best be under-
stood from a detailed description of the invention and
example embodiments thereof selected for the purposes of
illustration and shown 1in the accompanying drawing in
which:

FIG. 1 depicts an exemplary schematic diagram of a
PEALD system according to the present imnvention.

DESCRIPTION OF EMBODIMENTS OF THE
INVENTION

Overview

The present invention describes a non-limited exemplary
embodiment of a Plasma Enhanced Atomic Layer Deposi-
tion (PEALD) system and related operating methods as well
as substrates coated by the described methods. In particular
the system includes a reaction chamber suitable for thin film
growth onto exposed surfaces of substrates positioned nside
the reaction chamber. The reaction chamber 1s a vacuum
chamber pumped to vacuum pressures by two different
vacuum pumps. Fach vacuum pump 1s connected to the
vacuum chamber through a different exit port and a different
vacuum conduit path. In particular different outflow lines
and or fore lines are associated with each vacuum pump and
cach separate vacuum conduit path includes one or more
valves that are operable by an electronic controller to modify
and redirect gas outflow from the reaction chamber to tlow
out of the system along different vacuum conduit paths. In
particular a first vacuum conduit path used to remove and
trap non-plasma precursors includes a conventional ALD
trap; however a second vacuum conduit path used to remove
plasma precursors does not include a trap. As a result only
the first precursor enters the ALD trap. However the present
invention includes an alternate second precursor source
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6

which delivers a second precursor, €.g. water vapor, into the
ALD trap 1mn order to complete an ALD reaction with
exposed surfaces ol a trap material disposed inside a trap
chamber. Thus the alternate second precursor source of the
present invention 1s used to continue to prepare exposed trap
material surfaces inside the trap for reaction with the first
precursor on the next ALD coating cycle. A non-limiting
example PEALD reaction chamber suitable for use with the

present invention 1s disclosed 1n US20100183823A1, by
Becker et al. published on Jul. 22, 2010, entitled PLASMA
ATOMIC LAYER DEPOSITION SYSTEM AND

METHOD which 1s incorporated herein 1n its entirety for all

PUrposes.
Definitions

The following definitions are used throughout, unless
specifically indicated otherwise:

TERM DEFINITION

PEALD Plasma Enhanced Atomic Layer Deposition

ALD Atomic Layer Deposition

PLASMA The fourth state of matter. A partially 1onized gas
mixture consisting of 1ons, capable of physically
interacting with a solid surface, free radicals and neutral
byproducts, capable of chemically reacting with a solid
surface and photons.

FREE An atom or group of atoms containing at least one

RADICAL unpaired electron and existing for a brief period of time

before reacting to produce a stable molecule

Item Number List

The following item numbers are used throughout, unless
specifically indicated otherwise.

# DESCRIPTION

100 PEALD system

105 Reaction chamber

110 Substrate

115 Substrate coating surface

120 (Gas and precursor supply
module

125 Electronic controller

130 First precursor port and conduit

135 Second precursor port and
conduit

140 Plasma generator

145 Second pulse valve

146 Mass flow controller

150 First pulse valve

155 Main vacuum pump

160 Vacuum Flange

165 First vacuum conduit

170 First Vacuum valve

175 ALD trap

180 Turbo molecular vacuum pump

185 Vacuum gate valve

190 Second vacuum conduit

195 Second Vacuum valve

196 Pressure sensor

198 Trap heater

200 Alternate second precursor supply

202 Vaporizer

205 Valve

210 Inert gas Feed line

211 Inert gas inlet port

215 Valve

220 Valve

Exemplary System Architecture

Referring now to FIG. 1 a non-limiting exemplary
PEALD system (100) according to the present invention 1s
depicted schematically. The PEALD system (100) includes
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a PEALD configured reaction chamber (105) housing a
substrate (110) supported on a substrate support surface
provided by a heated chuck (111). The substrate 1s supported
in a coating position such that precursor vapors and or
plasma free radical delivered into the reaction chamber
impinge upon an upward facing coating surface (115). In
other non-limiting exemplary embodiments the reaction
chamber may support a plurality of substrates (110) on the
support surface provided by the heated chuck (111) with
cach substrate having an upward facing coating surface
(115) without deviating from the present invention.

Gas Supply Module

A gas and precursor supply module (120) includes a
supply of various process vapors and gases stored 1n sealed
canisters used to store liguid and solid precursor matenals
and or stored 1n pressurized gas cylinders used to store gas
precursors such as reactive plasma gases including but not
limited to O,, N,, H,, NH; or the like, and gaseous {irst
precursors as well as 1nert gases usable as carrier gases and
or purge gases. The gas module (120) also includes control-
lable valves or mass tlow regulators (143) and (150) oper-
able by an electronic controller (125) to open, close or
establish a desired mass flow rate of an 1nput gas mixture as
required to deliver selected precursors, carrier gases and or
purge gases into the reaction chamber (105).

Liquid and gas precursor canisters may include a gas
bubbler or other vaporizing device usable to vaporize or
otherwise increase a vapor pressure of a precursor and/or to
promote rapid vapor tlow into the reaction chamber. The gas
and precursor module (120) may further include other gas
and vapor flow modulating elements controllable by the
clectronic controller (125) as required for mixing, directing
and/or modulating precursor vapor material gleaned from a
liquid or a solid precursor and/or the inert gas usable as a
carrier gas and/or a purge gas or both.

In the present embodiment the gas and precursor supply
module (120) further includes precursor heaters, not shown,
provided to preheat precursor canisters or otherwise heat
precursor materials as required to increase vapor pressure
and deliver each precursor at a desired precursor tempera-
ture. In one non-limiting example embodiment precursors
are heated to a temperature of about 70° C., preferably less
than a thermal breakdown temperature of the precursor
vapor. Additionally the gas and precursor module (120) may
include one or more pressure regulators, mass flow regula-
tors or flow restrictors and various pressure, temperature and
flow rate sensors, or like, not shown, as needed to provide
teedback signals to the electronic controller (125) and
operate the PEALD system 1n a plurality of different oper-
ating modes 1ncluding providing diflerent precursor combi-
nations as required for performing a plurality of diflerent
material coating cycles to coat one or more different sub-
strate surface materials with one or more different solid
maternal layers.

The non-limiting exemplary PEALD system (100)
includes two precursor delivery paths as described below to
the reaction chamber (105), however, one delivery path 1s
usable without deviating from the present invention. A first
precursor port and input condut (130) delivers non-plasma
precursors into the reaction chamber (105). The first pre-
cursor port and mput conduit (130) 1s disposed at a position
above the substrate coating surface (115) and the {irst
precursor port and input conduit (130) 1s oriented at an angle
that preferably directs the precursor input material at an
input angle that causes the precursor input stream to 1mpinge
proximate to a center of the substrate coating surface (115)
when the substrate (110) 1s supported by the substrate
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support surface provided by the heated chuck (111). A
second precursor port and input conduit (1335) passes
through a plasma generator (140) which includes a plasma
exciter tube, not shown, disposed inside the plasma genera-
tor (140). The plasma generator (140) 1s controlled by the
clectronic controller (125) to either excite the second pre-
cursor 1nside the plasma exciter tube; or not. Accordingly
non-plasma precursors and or purge gas are also deliverable
into the reaction chamber (103) through the second precur-
sor port and 1nput conduit (135) simply by not operating the
plasma generator (140).

Each of the first precursor port and conduit (130) and the
second precusor port and conduit (135) includes or 1s
associated with a controllable gas modulation element such
as a first pulse valve (150) for modulating the tlow of the first
precursor through the first precursor port and input conduit
(130), a mass flow controller (146) for modulating the flow
of a plasma precursor through the second precursor port and
iput conduit (135) and/or an optional second pulse valve
(145). In a preferred embodiment each of the first pulse
valve (150), the mass tflow controller (146) and the optional
second pulse valve (143) i1s housed inside the gas flow
module (120) proximate to the precursor supply containers.
However for clanity, FIG. 1 shows the first pulse valve (150)
disposed along the first mput precursor port and conduit
(130) to modulate gas flow there through. The first precursor
pulse valve (150) 1s controllable by the electronic controller
(125) to open and close for a pulse duration corresponding,
with a desired volume of the first precursor gas selected to
be delivered into the reaction chamber (105). In the case of
the plasma precursor, for clarnty, FIG. 1 shows the mass flow
controller (146) disposed along the second precursor port
and conduit (135), however it 1s preferably disposed nside
the gas supply module (120). The mass tlow controller (146)
1s used to modulate a mass flow rate of plasma gas precursor
passing through the input second precursor port and conduit
(135) 1n order to deliver a desired mass flow rate of plasma
precursor selected to be delivered into the reaction chamber
(105). The mass flow controller (146) 1s controllable by the
clectronic controller (125) and 1s operable to alter a mass
flow rate of a gas passing there through.

The PEALD system (100) may further include an optional
second pulse valve (145) controllable by the electronic
controller (125). The second pulse valve (145) 1s usable to
preform thermal ALD deposition cycles using a non-plasma
second precursor to react with exposed surfaces of the
substrate (110). During thermal ALD deposition cycles the
mass flow controller (146) 1s not used to modulate the mass
flow rate of the second precursor. Instead the optional
second pulse valve (145) 1s controllable by the electronic
controller (125) to open and close for a pulse duration
corresponding with a desired volume of the second precur-
sor gas selected to be delivered into the reaction chamber
(105).

As depicted 1n FIG. 1 the optional second pulse valve
(145) 1s shown associated with the second precursor port and
input conduit (135) to emphasis that a second non-plasma
precursor can by delivered into the reaction chamber (105)
through the second precursor port and input conduit (135),
however it 1s preferred that the optional second pulse valve
(145) 1s disposed mside the gas and precursor supply module
(120). Alternately the optional second pulse valve (145) can
be associated with the first precursor port and mput conduit
(130) to deliver a second, non-plasma precursor 1nto the
reaction chamber (105) through the first precursor port and
input conduit (130). Thus 1 one optional thermal ALD
operating embodiment a first non-plasma precursor 1s deliv-
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ered mto the reaction chamber (105) through the (first
precursor port and input conduit (130) and modulated by the
first pulse valve (150); and, a second non-plasma precursor
1s delivered into the reaction chamber (105) through the
second precursor port and conduit (135) and modulated by
the optional second pulse valve (145) without plasma excite-
ment.

In another optional thermal ALD embodiment, a first
non-plasma precursor 1s delivered 1nto the reaction chamber
(105) through the first precursor port and input conduit (130)
and modulated by the first pulse valve (150); and, a second

non-plasma precursor 1s delivered into the reaction chamber
(105) through the first precursor port and conduit (130) and
modulated by the optional second pulse valve (145). In one
non-limiting example embodiment the pulse durations of the
first pulse valve (150) and the optional second pulse valve
(145) range between 1 and 15 msec. Additionally the pulse
valve duration of each first and second pulse valves (150)
and (145) 1s independently controllable either by the elec-
tronic controller (125), by user mput or by mechanical
adjustment of the pulse valves (150) and (1435).

Each of second and first pulse valves (145) and (150) and
the mass flow controller (146) may include an inert gas nlet
port (211) connected to an inert gas feed line (210). The inert
gas 1let port (211) provided on each of the second and first
pulse valves (145) and (150) and on the mass flow controller
(146) recerves ert gas from the 1nert gas feed line (210) and
delivers the inert gas into the reaction chamber (105)
through a corresponding one of the first precursor port and
conduit (130) or the second precursor port and conduit
(135). In a preferred embodiment the inert gas inlet ports
(211) are always open thereby allowing a continuous flow of
iert gas to pass through each inert gas port (211) to the
reaction chamber (105). In other embodiments the first pulse
valve (150) and the second pulse valve (145) are operable to
close the corresponding inert gas ports (211) except when
the corresponding pulse valve 1s actuated by the control
module (125). In either case the mert gas entering through
the 1nert gas inlet ports (211) mixes with precursor flowing,
to the reaction chamber (105).

Vacuum System

The non-limiting exemplary PEALD system (100)
includes a main vacuum pump (155) and a turbo molecular
vacuum pump (180) The main vacuum pump (155) 1s fluidly
connected to a vacuum flange (160) by a first vacuum
conduit (165) which extends between the vacuum flange
(160) and the main vacuum pump (1355). A first vacuum
valve (170) 1s operable to open or close the first vacuum
conduit (165) under the control of the electronic controller
(125). A conventional ALD trap (175) 1s disposed along the
first vacuum conduit (165) such that any outflow from the
reaction chamber (105) that passes through the first vacuum
conduit (165) also passes through the ALD trap (175) before
reaching the main vacuum pump (1535). In particular the
ALD trap (1735) includes a large internal material surface
area, €.g. a plurality of closely spaced metal plates or foils,
disposed 1nside a trap chamber or a tflow conduit formed by
the trap and the material of the large internal surface area 1s
provided to react with any unreacted precursor contained in
the outtlow passing through the first vacuum conduit (165)
to thereby substantially eliminate unreacted precursors from
the outflow before the outflow reaches the main vacuum
pump (155). In the present example embodiment the main
vacuum pump (155) 1s a lower cost roughing pump capable
of pumping the reaction chamber to about 10 millitorr, (1072

Torr).
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The turbo molecular vacuum pump (180) 1s fluidly con-
nected to the vacuum tlange (160) through a vacuum gate
valve (185). The turbo molecular vacuum pump (180)
withdraws outflow from the reaction chamber (1035) when
the vacuum gate valve (185) 1s opened. The turbo molecular
vacuum pump (180) operates to provide lower vacuum
pressures 1n the reaction chamber (105) than can be provided
by the main vacuum pump (1585). The lower pressures tend
to 1mprove the performance of plasma enhanced atomic
layer deposition by improving delivery of the plasma exited
second precursor to exposed the surface of the substrates.
The vacuum gate valve (185) 1s operable by the electronic
controller (125) to open and close a reaction chamber (105)
exit port formed by the vacuum flange (160), and the
reaction chamber (105) exit port associated with the turbo
molecular pump (180) 1s considerably larger than an exat
port passing through the vacuum flange (160) associated
with 1ts connection with the first vacuum conduit (165). As
will be described further below the vacuum gate valve (185)
1s closed to remove a first outtlow from the reaction chamber

(105) through the ALD trap (175). A second vacuum conduit

(190) or fore line extends from the turbo molecular vacuum
pump (180) to the main vacuum pump (155) via second
vacuum conduit (190) that includes a second vacuum valve
(195) operable to open or close the second vacuum conduit
(190) under the control of the electronic controller (125). In
the present example embodiment the turbo molecular
vacuum pump (180) 1s a higher cost finishing pump capable
of pumping the reaction chamber to about 1.0 utorr, (107°
Torr). Additionally as compared to conventional PEALD
systems the turbo molecular vacuum pump (180) does not
draw vacuum through a trap which therefore renders the
turbo molecular vacuum pump (180) of the present inven-
tion more eflicient than conventional PEALD vacuum sys-
tems that draw vacuum through a trap. Moreover as will be
turther detailed below according to one aspect of the present
invention, the first precursor never passes through the turbo
molecular vacuum pump (180) and this allows the use of a
lower cost turbo molecular vacuum pump (180) that does
not have to be configured to operate 1n a precursor contami-

nated environment.
Operating Modes

The non-limiting exemplary PEALD system (100) 1s
operable to automatically deposit a plurality of material
layers onto exposed surfaces of the substrate or substrates
(110) and particularly onto the substrate coating surface
(115). A single layer deposition cycle refers to depositing a
single layer of the deposition material onto the substrate
(110). A coating run or coating process refers to a plurality
of deposition cycles. In one non-limiting example coating
run a plurality of deposition cycles 1s performed using the
same coating material depositing many single layers of the
same deposition material onto the substrate (110) until a
desired coating thickness or number of individual material
layers 1s achieved. In a second non-limiting example coating
run or process a plurality of first deposition cycles 1s
performed to deposit a plurality of layer thicknesses of a first
deposition material onto the coating surface. Thereafter the
PEALD system (100) 1s automatically reconfigured to per-
form a plurality of second deposition cycles performed to
deposit a plurality of layer thicknesses of a second deposi-
tion material onto the coating surface over the layers of first
deposition material. At the end of a coating run or process
the substrate (110) 1s removed and replaced with another
uncoated substrate. In various chamber embodiments a
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plurality of substrates may be supported for coating and all
ol the substrates (110) may be coated by the coating run or
process.

As described above a single layer deposition cycle
includes four basic steps, 1) exposing the coating surface to
a first precursor, 2) purging the first precursor from the
reaction chamber (105), 3) exposing the coating surface to
a second precursor, and 4) purging the second precursor
from the reaction chamber (105). In conventional thermal
ALD and PEALD systems, a single turbo vacuum pump
operates continuously to remove outtlow from the reaction
chamber and to draw the entire outtlow through an ALD
trap. In the specific case of any PEALD system, the second
precursor 1s a plasma precursor comprising high energy
radicals.

According to one non-limiting operating embodiment of
the present invention only the outflow from steps 1 and 2
above, where the outflow contains the first precursor 1is
drawn through the ALD trap (175) by the main vacuum
pump (155) and this 1s performed by closing the vacuum
gate valve (185) to exclusively draw outflow from the
reaction chamber (105) through the main vacuum pump
(155). Otherwise during steps 3 and 4 where the outtlow
contains a plasma precursor the outflow 1s not drawn
through the ALD trap (175), however, instead 1s drawn out
of the reaction chamber (1035) by the turbo molecular
vacuum pump (180) and then exhausted out of the system by
the main vacuum pump (155) when both pumps are oper-
ating simultaneously. Specifically during steps 3 and 4 the
vacuum gate valve (185) 1s opened and the first vacuum
valve (170) 1s closed. Moreover the outflow that contains the
plasma precursor 1s not passed through a trap at all since the
plasma radicals tend to decay quickly enough that they are
essentially non-reactive by the time they reach the vacuum
flange (160).

The process steps associated with the improved operation
of the present mnvention are as follows: 1) exposing the
coating surface (115) to a first precursor delivered through
the first precursor port and input conduit (130); and, 2)
purging the first precursor from the reaction chamber (105)
while the vacuum gate valve (185) and the second vacuum
valve (195) are closed and the first vacuum valve (170) 1s
opened so that all outflow exiting from the vacuum flange
(160) 1s diverted to the first vacuum conduit (165) and drawn
through the ALD trap (175). Specifically, the first non-
plasma precursor 1s directed through the ALD trap (175) and
this causes surfaces ol a trap material disposed within the
ALD trap (175) to react with and remove unreacted first
precursor irom the outtlow. It also results 1n a pressure
increase and a reduced vapor flow rate through the reaction
chamber (105) since during the first precursor exposure step
the outtlow 1s being drawn out of the reaction chamber (105)
exclusively by the main vacuum pump (155) pulling through
the ALD trap (175). Alter passing through the main vacuum
pump (155) the outflow from the first vacuum conduit (165)
1s vented to an exhaust.

After 1) exposing the coating surface (115) to a first
precursor; and, 2) purging the first precursor from the
reaction chamber (105) while the vacuum gate valve (185)
and the second vacuum valve (195) are opened and the first
vacuum valve (170) 1s closed so that all outflow from the
reaction chamber (105) i1s diverted through the turbo
molecular vacuum pump (180) and then through the second
vacuum conduit (190) through the main vacuum pump (155)
to the exhaust vent. Thus during the second precursor
exposure step no trap 1s used to trap unreacted precursor
because by the time the plasma precursor radicals reach the
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vacuum flange (160) substantially all of the highly reactive
radical material has either reacted with surfaces inside the
reaction chamber or decayed to a non-reactive state. Thus
Applicant have found that in the case of a the plasma
precursor, since there 1s substantially no unreacted plasma
precursor remaining in the outflow from the reaction cham-
ber the outflow exiting from the reaction chamber resulting
from the plasma precursor exposure of steps 3 and 4 can be
pumped through the turbo molecular vacuum pump (180)
without damaging the turbo molecular vacuum pump (180)
and can eventually be vented to exhaust by the main vacuum
pump (155). Moreover, due to the configuration of the
present mvention even 1f there was unreacted plasma pre-
cursor i the outflow passing through the turbo molecular
vacuum pump (180) since the pump was not exposed to the
first precursor 1n steps 1 and 2 surfaces of the turbo molecu-
lar vacuum pump (180) are not prepared for a reaction with
the second precursor and therefore no detrimental, film
depositing reaction occurs on inside surfaces of the turbo
molecular vacuum pump (180) or on 1nside surfaces of the
second vacuum conduit (190), thus enabling the use of less
expensive turbo pumps.

Second Precursor Source

While the above described vacuum system improves the
pumping efliciency of the turbo molecular vacuum pump
(180) and allows a lower cost turbo vacuum pump to be used
due to low risk of contamination, the two vacuum pump
vacuum system does not allow continued first precursor
removal by the ALD trap (1735) without the addition of an
alternate second precursor supply (200) provided to 1nject a
second precursor mto the ALD trap (175). Specifically, as
described above, the first precursor 1s removed from outtlow
passing through the first vacuum conduit (165) by the ALD
trap (175). This occurs when the first precursor reacts with
trap material surfaces and 1s removed from the outtlow.
Additionally the same reaction that removes the first pre-
cursor from the outflow prepares the trap material surfaces
for reaction with the second precursor while also rendering
the trap material surfaces non-reactive with the first precur-
sor. As a result on subsequent deposition cycles where only
the first precursor passes through the first vacuum conduit
(165) and the ALD trap (175) no further first precursor will
be removed from the outflows because no second precursor
flows to the ALD trap (175) to complete the reaction
between the now reactive trap material surfaces mside the
trap and the second precursor. Accordingly the alternate
second precursor supply (200) 1s provided as described
below.

The present invention includes an alternate second pre-
cursor supply module (200) filled with a supply of one or
more suitable second precursors for completing a reaction
with the trap material surfaces inside the ALD trap (175)
when the second precursor 1s delivered into the ALD trap
(175). In particular, the second precursor supply module
(200) 1s operable to 1nject a second precursor vapor 1nto the
ALD trap (175) and the second precursor reacts with the trap
maternal surfaces to complete the ALD reaction started by
the first precursor. Thus the reaction between the second
precursor and the trap surfaces forms a material layer on the
trap material surfaces while also preparing the trap material
surfaces to react with the first precursor on the next depo-
sition cycle.

In one non-limiting example embodiment, the alternate
second precursor supply module (200) comprises a source of
water vapor (H,O). The alternate second precursor supply
module (200) 1s configured to deliver the alternate second
precursor mto the ALD trap (175) through a controllable
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valve (205) which 1s operated by the electronic controller
(125). The valve (205) 1s opened to release the alternate
second precursor into the first vacuum conduit (165) at a
position between the first vacuum valve (170) and theALD
trap (175). While the valve (205) 1s opened, preferably the
first vacuum valve (170) closed in order to prevent the
alternate second precursor from contaminating the reaction
chamber (105). Additionally while the wvalve (205) is
opened, the main vacuum pump (155) 1s operating thereby
drawing outflow through the first vacuum conduit (165) and
drawing alternate second precursor through the ALD trap
(175).

The alternate second precursor supply module (200) 1s
preferably configured to mix the alternate second precursor
with an inert carrier gas, e.g. nitrogen, or argon, received
from the gas and alternate second precursor supply module
(120) over mert gas feed line (210) that mates with the first
vacuum conduit (165) at a position located between the first
vacuum valve (170) and the ALD trap (175). A controllable
valve (215), or other gas flow modulating element, 1s
disposed along the inert gas feed line (210) between the gas
and precursor supply module (120) and the first vacuum
conduit (165) to modulate the carrier gas tlow.

The alternate second precursor supply module (200) may
include a bubbler or vaporizer (202) operable to vaporize or
increase the vapor pressure of the alternate second precursor,
if needed. Additionally the alternate second precursor supply
(200) may house a plurality of diflerent alternate second
precursors stored 1n different precursor containers for use
with different deposition chemistries as may be required.
Preferably, each alternate precursor container includes one
or more gas flow control elements operable by the electronic
controller (125) to select an alternate second precursor
matched to the first precursor of the particular deposition
chemistry being used and deliver the selected alternate
second precursor into the ALD trap (173) at appropriate
periods of each gas deposition cycle. Additionally the alter-
nate second precursor supply module (200) may comprise a
portion of and be housed inside the gas and precursor
module (120). In this configuration the alternate second
precursor maybe mixed with an inert carrier gas at the gas
and precursor supply module (120) and the mixture 1is

delivered to the ALD trap (175) through the inert gas feed
line (210) and modulated by the valve (215) without devi-
ating from the present invention.

In operation during the first two steps of a deposition
cycle; 1) exposing the coating surface (115) to a {irst
non-plasma precursor; and, 2) purging the first precursor
non-plasma from the reaction chamber (1035), the first
vacuum valve (170) 1s open and the vacuum gate valve (185)
and the second vacuum valve (195) are closed. This allows
the first precursor outtlow to pass through the ALD trap
(175) and out of the system to an exhaust through the main
vacuum pump (155) without passing through the second
turbo molecular vacuum pump (180). Meanwhile any unre-
acted first precursor 1s removed from the outflow by reacting
with trap material surfaces provided inside the ALD trap
(175).

During the third and fourth steps of the deposition cycle;
3) exposing the coating surface (1135) to a second (plasma)
precursor, and, 4) purging the second (plasma) precursor
from the reaction chamber (105), the first vacuum valve
(170) 1s closed and the vacuum gate valve (185) and second
vacuum valve (1935) are opened. This allows the second
precursor outflow to pass through the turbo molecular
vacuum pump (180) and then through the second vacuum
conduit (190) and out of the system to an exhaust vent
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through the main vacuum pump (1355). Alternately, the
second vacuum conduit (190) can be configure to vent
exhaust materials removed from the reaction chamber (105)
directly to an exhaust vent without passing through the main
vacuum pump (155), without deviating from the present
invention. Meanwhile during steps 3) and 4) of the deposi-
tion cycle the valve (205) 1s opened to release the alternate
opened to deliver second precursor into the ALD trap (175)
to react with the trap material surfaces provided inside the
trap and the valve (215) 1s also opened to provide 1inert
carrier gas into the first vacuum conduit (163) 1n order to
carry the alternate second precursor into the ALD trap (175).
Alternately a continuous tlow of inert gas may be flowed
through 1nert gas feed line (210), without requiring the valve
(215), (1.e. valve 215 can be deleted or retained open)
without deviating from the present invention. In a further
alternate embodiment the valve (215) may alternately com-
prise a mass flow controller, restrictor or other element
suitable for modulating a gas flow rate there through.
Other optional elements include an operable or manual
valve (220) usable to 1solate the trap from the main vacuum
pump (155) and one or more pressure sensing elements
(196) readable by the electronic controller (125), disposed to
sense gas pressure at various locations. Additionally, while
the first and second vacuum conduits (165) and (190) are
depicted connecting to the main vacuum pump (155) at two
locations, this 1s just a schematic representation and actual
configurations may differ without deviating from the present
invention. In particular second vacuum conduit (190) may
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(175) and the main vacuum pump (155) with only the first
vacuum conduit (165) connected to a single flange of the
main vacuum pump (155).

Trap Configurations

The ALD trap assembly (175) comprises a conventional
ALD trap or filter such as the one disclosed in U.S. Pat. No.
8,202,575, granted on Jun. 19, 2012 to Monsma et al.
entitled VAPOR DEPOSITION SYSTEMS AND METH-
ODS, filed on Jun. 27, 2005, which 1s incorporated herein by
reference 1n 1ts enftirety. The ALD ftrap assembly (175)
comprises a fluid tlow conduit filled with a trap matenal.
Ideally the ALD trap (175) assembly 1s configured to pro-
vide a small gas tflow resistance and high vacuum conduc-
tance.

The ALD trap assembly (175) includes a trap heater (198)
and associated temperature sensor, each in electrical com-
munication with the electronic controller (125). The trap
material composes a plurality of different elements or a
single element formed with suflicient surface area to react
with the first precursor and second precursor introduced
therein for an extended operating period e.g. tens of thou-
sands of deposition cycles. Over time, material layers built
up on the trap surface area may degrade trap performance so
the trap element can be removed and replaced as required to
maintain good trap performance.

Preferably, the trap matenial surface area 1s heated to
substantially the same temperature as the coating surface
(115) 1n order to cause the first and second precursors to
react with the trap matenal surface area and form the same
material layers on the trap material surfaces as are being
coated onto substrate surface (115) by the coating process
being carried out 1n the gas deposition reaction chamber
(105). Durning operation, the ALD trap (175) typically 1s
maintained at an elevated temperature. In some embodi-
ments (e.g., when the ALD trap (175) 1s positioned, at least
in part, 1n the outlet port), the ALD trap (175) 1s heated to
a suflicient temperature by thermal conductance from the
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reaction chamber (105) (which, for example, 1s heated by a
tubular heater). Thus, 1n these embodiments, the ALD trap
(175) does not need to have a separate heater (198).

While a metal trap material 1n various forms 1s preferred,

other suitable trap materials may be used. Trap material
forms 1nclude thin metal foils orniented with a high percent-
age ol the surface area parallel to the gas flow direction to
reduce gas flow resistance. Corrugated metal foils are also
usable. When using foils substantially all (1.e., greater than
99%) of the surface area of the ALD trap (175) 1s parallel to
the gas flow direction. The surface area of foil traps can be
increased by increasing the length, diameter and corrugation
of a corrugated or rolled foil element. A consideration 1n
selecting an ALD trap (175) material 1s to match the coel-
ficient of thermal expansion of the trap matenial to the
coating material to avoid cracking and flaking the coating
material mnside the ALD trap (175). Accordingly the trap
material may comprise foils of engineered metals such as
kovar, invar and other heat and corrosion resistant alloys.

Other forms of trap material include metal wool or mesh

screens comprising stainless steel, aluminum, or copper.
Granular materials are also usable such as activated carbon
and activated alumina; however these increase gas tlow
resistance. It will also be recognmized by those skilled 1n the
art that, while the invention has been described above in
terms of preferred embodiments, it 1s not limited thereto.
Various features and aspects of the above described inven-
tion may be used individually or jointly. Further, although
the invention has been described in the context of its
implementation 1n a particular environment, and for particu-
lar applications (e.g. ALD and PEALD gas deposition
systems), those skilled in the art will recognize that its
uselulness 1s not limited thereto and that the present inven-
tion can be beneficially utilized in any number of environ-
ments and 1implementations where 1t 1s desirable to react
unreacted precursors to remove them from an outtlow.
Accordingly, the claims set forth below should be construed
in view of the full breadth and spirit of the mnvention as
disclosed herein.

The 1nvention claimed 1s:

1. An atomic layer deposition device for performing

material deposition cycles comprising;

a reaction chamber configured to support one or more
substrates therein;

a {irst precursor conduit and port provided to deliver a first
precursor into the reaction chamber to react with
exposed surfaces of the one or more substrates;

a vacuum system configured to remove a first outflow
from the reaction chamber
wherein removing the first outflow removes substan-

tially all of the unreacted first precursor from the
reaction chamber;

an ALD trap comprising trap material surfaces disposed to
receive the first outflow there through wherein the trap
material surfaces are suitable to react with and remove
substantially all of the unreacted first precursor from
the first outtlow;

a second precursor source 1n fluild communication with
the ALD trap for delivering a second precursor into the
ALD trap, the fluid communication bypassing the reac-
tion chamber;
wherein the second precursor comprises a material

suitable for reacting with the trap matenal surfaces in
a manner that renders the trap material surfaces
suitable to react with the first precursor.

2. The atomic layer deposition device of claim 1 wherein

the one or more substrates are maintained at a reaction

10

15

20

25

30

35

40

45

50

55

60

65

16

temperature during the material deposition cycles, further
comprising a trap heater and temperature sensing element 1n
communication with an electronic controller wherein the
trap heater and temperature sensor are operable to maintain
the trap material surfaces at the reaction temperature.

3. The atomic layer deposition device of claim 1 wherein
the trap material comprises one or more thin metal foils
ortented with a high percentage of the foil surface area
disposed parallel to a gas flow direction through the ALD
trap.

4. The atomic layer deposition device of claim 1 further
comprising:

a second precursor conduit and port provided to deliver a
second precursor into the reaction chamber to react
with the exposed surfaces of the one or more substrates
after the exposed surfaces have reacted with the first
precursor;

a plasma generator associated with the second precursor
conduit and port for exciting the second precursor and
generating free radicals of the second precursor;
wherein the vacuum system removes a second outflow

from the reaction chamber,
wherein removing the second outtlow removes sub-

stantially all of the second precursor from the reac-
tion chamber without passing the second outflow
through the ALD trap.

5. The atomic layer deposition device of claim 4 wherein
the vacuum system comprises:

a main vacuum pump in fluid communication with the

reaction chamber through a vacuum flange;

a first vacuum conduit disposed between the vacuum
flange and the main vacuum pump wherein the ALD
trap 1s disposed along the first vacuum conduit;

a first vacuum valve disposed along the first vacuum
conduit between the vacuum flange and the ALD trap.

6. The atomic layer deposition device of claim 3 further
comprising;

a turbo molecular vacuum pump in fluid communication

with the reaction chamber through the vacuum flange;

a vacuum gate valve disposed between the reaction cham-
ber and the turbo molecular vacuum pump wherein the
vacuum gate valve 1s operable to prevent or allow gas
flow through the vacuum flange;

a second vacuum conduit disposed between the turbo
molecular vacuum pump and the main vacuum pump
without passing through the ALD ftrap;

a second vacuum valve disposed along the second
vacuum conduit between the turbo molecular vacuum
pump and the main vacuum pump.

7. The atomic layer deposition device of claim 6 wherein
the main vacuum pump comprises a roughing pump capable
of pumping the reaction chamber to a vacuum pressure of
about 10 muillitorr (1.3 Pascal) and the turbo molecular
vacuum pump comprises a finishing pump capable of pump-
ing the reaction chamber to a vacuum pressure of 1.0 uTorr
(0.000133 Pascal).

8. The atomic layer deposition device of claim 1 wherein
the fluid communication further comprises a controllable
valve disposed along a fluid conduit extending between the
second precursor source and the ALD trap.

9. The atomic layer deposition device of claim 1 further
comprising an 1nert gas supply associated with the second
precursor source for mixing the second precursor with an
inert gas delivered by the mert gas supply.

10. The atomic layer deposition device of claim 4 further
comprising;
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a first controllable pulse valve operable to modulate a first
precursor flow through the first precursor conduit and

port;

a controllable mass flow controller operable to modulate
a second precursor flow through the second precursor 5

conduit and port;

a second controllable pulse valve operable to modulate
the second precursor flow through the second precursor

conduit and port; and

an electronic controller operable to employ either the
controllable mass flow controller or the second con-
trollable pulse valve depending on whether or not the
second precursor tlow comprises a plasma precursor;
wherein the atomic layer deposition device 1s operable
to perform a plasma enhanced atomic layer deposi-

tion cycle wherein the second precursor 1s excited by

the plasma generator and only the first outflow
removed through the trap; and,

1S

wherein the atomic layer deposition device 1s operable
to perform a thermal atomic layer deposition cycle
wherein neither of the first or the second precursors

1s excited by the plasma generator and both of t

1C

first and second outflows are removed through t
ALD trap.

1C
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